Thermal runaway of single cells within a large scale lithium-ion battery is a well-known risk that can lead to critical situations if no counter measures are taken in today's lithium-ion traction batteries for battery electric vehicles (BEVs), plug-in hybrid electric vehicles (PHEV) and hybrid electric vehicles (HEVs). The United Nations have published a draft global technical regulation on electric vehicle safety (GTR EVS) describing a safety feature to warn passengers in case of a thermal runaway. Fast and reliable detection of faulty cells undergoing thermal runaway within the lithium-ion battery is therefore a key factor in battery designs for comprehensive passenger safety. A set of various possible sensors has been chosen based on the determined cell thermal runaway impact. These sensors have been tested in different sized battery setups and compared with respect to their ability of fast and reliable thermal runaway detection and their feasibility for traction batteries.
Introduction
With revelation of the exhaust fume manipulation of several car manufacturers in 2015 [1, 2] , the need for emission free transportation is higher than ever. Battery electric vehicles (BEVs), plug-in hybrid electric vehicles (PHEVs) and hybrid electric vehicles (HEVs) offer such an emission free or reduced emission transportation possibility [3] . Lithium-ion batteries feature a high energy and power density and are therefore economically seen as the most suitable energy storage technology for BEVs and PHEVs, replacing more and more nickel metal hydride systems in HEVs [4] . Entering the transportation market safety of lithium-ion battery technology becomes increasingly important. Certain triggers and abuse conditions can lead lithium-ion cells into a thermal runaway and result in a rapid increase in temperature, as well as venting, flames, flying parts, and explosion [5] . A thermal runaway is hereby not limited to batteries with lithium-ion cells but is also reported for some supercapacitors [6] and could therefore as well be a problem in battery systems containing supercapacitors. However, this work focuses on lithium-ion cells. If this cell reaction propagates with time to adjacent cells, the impact on a battery level can become severe and cause major damage to the vehicle and its environment or passengers [7] . Therefore, to ensure passenger safety in BEVs, PHEVs and HEVs, the United Nations released a draft on electrical vehicle safety.
In the United Nations global technical regulation on electrical vehicle safety (GTR EVS) section I. E. 7 c 112, II. 5.3.3 and II. 7.2.3 [8] , the requirement for a functional safety mechanism is described as being able to detect the thermal runaway of a single cell within a traction battery, warn the driver about the error and therefore give all passengers a couple minutes of time to safely leave the car before hazardous situations occur. To realize such a safety feature, it is crucial to firstly detect a thermal runaway of a single cell.
As a state-of-the-art method, Feng et al. [9] showed an algorithm on how to detect an internal short circuit of a cell potentially leading to thermal runaway based on current, voltage and temperature data via a parameter estimation. Additionally, Roscher et al. [10] described a method to detect individual faulty cells within a battery system, based on impedance and capacity information. The work described in this article focuses on sensors measuring direct and indirect impact of cell thermal runaway. It examines and rates different sensors on their feasibility to securely and quickly detect a thermal runaway event of a lithium-ion cell within a battery and on their ability to be deployed in commercial traction batteries.
Thermal Runaway Impact
The different stages and reactions contributing to the general thermal runaway process of a lithium ion cell have been examined and studied well [11] [12] [13] [14] [15] [16] . When a lithium-ion cell goes into thermal runaway, a variety of effects occur at the cell itself spreading to its surrounding environment [7] . Observations from previous tests have shown that these effects are very similar for all cell types (cylindrical hard case, prismatic hard case, pouch cell). One of the most common effects is the loss of cell voltage on the tabs, as in the case of pouch cells, because the electrodes are short circuited or as in the case of hard case cells because safety mechanisms disconnect the electrodes from the tabs. A second effect is direct heat coming from the self heating of the cell [17] caused by internal chemical reactions of the anode, cathode and electrolyte [18] as well as internal discharges due to a melting separator. Depending on the battery system design, adjacent cells and battery parts get heated up by the damaged cell and thereby damaged as well. Another effect is the production of gas due to the chemical reactions mentioned above. This gas generation causes a build up of internal pressure, which leads to swelling of the cell, including the application of force onto adjacent parts in the system and can result in rupture of the cell encapsulation [19, 20] . Once ruptured, the cell begins to vent and together with the produced gas a chaotic mixture of hot and glowing particles are ejected from the cell. These particles are usually ripped off of pieces of active material from the cell's anode and cathode. Previous measurements on the gas/particle stream revealed temperatures ranging between 470 K ≤ T ≤ 720 K. Analysis of the ejected gas showed high proportions of hydrogen and carbon monoxide. Therefore, flammability and the risk of explosion is given at a fuel concentration from 5 % ≤ c fuel ≤ 40 % [21] . The mentioned effects usually have their impact on the battery and its environment spread over a certain time. With the first cell going into thermal runaway, venting starts at the cell and subsequently from the battery. The thermal runaway process of a single cell usually decays after approximately 20 seconds to a minute, which has been observed in former tests. In the case of thermal coupling between cells without any thermal propagation counter measures, adjacent cells can then start to go into thermal runaway adding more heat to the battery system and producing additional venting gas. This propagation process can speed up, and, at a certain time, usually several minutes, the battery housing may lose integrity due to the amount of thermal energy. It is important to either prevent a thermal propagation or to give passengers enough lead time, usually in the frame of several minutes to safely leave their car.
Tested Sensors Set
Based on the different impacts of a cell thermal runaway described in Section 2, a set of sensors has been chosen to be evaluated as fast single cell thermal runaway detectors within a traction battery. Table 1 gives an overview of the sensors that have been investigated. Sensor S1, the voltage sensor is first, as it is already implemented in most battery designs for reasons of cell supervision and safety [22] . The measured voltage will be the one from the first cell going into thermal runaway. Sensor S2 is a gas sensor made out of a tin dioxide (SnO 2 ) semiconductor. The gas sensor is sensitive to Methane (CH 4 ), Propane (C 3 H 8 ) or carbon monoxide (CO), for example, and decreases its good conductivity in clear air when detecting gas. The mentioned gases are part of the venting gas composition ejected from a lithium-ion cell in thermal runaway [21, [23] [24] [25] . Sensor S3 is a self-made smoke detector, based on the principles of a conventional photoelectric smoke detector consisting of an infra red (IR) LED and an element sensitive to the IR-radiation. Previous tests have shown a high concentration of dark smoke and grime ejected with the venting gas. In clear air, the IR radiation will not impinge on the sensor as the LED is pointed away, but with an increasing amount of smoke particles, and, therefore, occurring reflection of IR-light from the LED, the sensor will increase its detection signal. As a creep distance sensor, S4, a piece of printed circuit board (PCB) is used. The PCB features two 10 cm long and 2 mm wide line-shaped solder pads, placed approximately 1 mm apart. With a clean surface, the creep distance sensor has very high resistance between the two pads in the range of several mega ohms. With increasing pollution of the surface, the resistance drops in relation to the degree of pollution and outputs a signal via a voltage divider. A temperature sensor, S5, is realized through a type-K (NiCr-Ni) thermo couple and measures the temperature of air or venting gas. S6, a pressure sensor measuring absolute pressure in the range of 20 kPa ≤ p sens ≤ 304 kPa, is used to determine the rise of internal battery pressure due to gas generation of a single cell. This sensor can only be used in tests with a closed battery housing, as, otherwise, pressure wouldn't rise. The last sensor, S7, a single point thin film piezoresistive force sensor with the range of 0 N ≤ F sens ≤ 445 N, is used to measure the force between a cell in thermal runaway and adjacent parts/cells caused by the cell swelling.
All sensors deliver an analog voltage signal, some others (S1, S5) can genuinely be easily transformed into a voltage signal with the help of a voltage divider circuit (S2-S4, S7) and the pressure sensor (S6) already gives out an analog voltage signal. 
Experiment
To evaluate the eligibility, detection speed and feasibility of the sensors described in Section 3 and listed in Table 1 , a series of three thermal runaway tests was conducted. The chosen cell types represent state-of-the-art automotive lithium-ion pouch cells with different energy densities. Different cell arrangements and setups represent different sized batteries. With this approach, the influence of energy density, battery system size and the scalability of the experiment can be determined. Table 2 describes the three different experiment setups. All three setups were based on different battery system sizes and pouch cells. Dimensions of cell cavities ranged between: length 190 mm ≤ L cell ≤ 320 mm; width 100 mm ≤ W cell ≤ 120 mm; height 9 mm ≤ H cell ≤ 14 mm.
Test V1 included a single pouch cell made of LiNi x Mn y Co z O 2 (NMC) cathodes and graphite anodes, with a capacity of 20 Ah, cavity volume of roughly V cellV1 = 210 cm 3 and a volumetric energy density of ρ vol.V1 = 350 Wh L −1 . The cell is placed inside of an aluminum housing with a venting opening. Test V2 included several pouch cells made of NMC cathodes and graphite anodes, each with a capacity of 65 Ah and with cavity volume of V cellV2 = 370 cm 3 resulting in a volumetric energy density of ρ vol.V2 = 700 Wh L −1 . Each two cells were connected in parallel and these parallel packs were then connected in series (2p connection). The cells were arranged in one cell module and then encapsulated by an aluminum housing with a hole on the backside to allow venting. Test V3 was set up with cells made of NMC cathodes, graphite anodes, each with a capacity of 58 Ah and the cavity volume of V callV3 = 390 cm 3 resulting in a volumetric energy density of ρ vol.V3 = 540 Wh L −1 . The cells were connected as two in parallel (2p connection) and then arranged in two cell modules. These cell modules were placed in an aluminum housing with venting openings. The sensor column of Table 2 indicates the sensors each experimental setup was equipped with. Test V1 and V3 come with a closed housing (venting opening is closed with a burst disc) and therefore a pressure sensor (S6) can be used, whereas test V2 has a partially open housing and hence a pressure sensor would not be very useful. As compensation, a force sensor was built in between the cells. All three tests were carried out with cells charged up to a state of charge SOC = 100% before triggering the thermal runaway. Setup V2 and V3 were heated to a temperature of t DUT = 60 • C beforehand. As Test V1 was triggered by a heat plate, preheating was obsolete. Figure 1a -c display the different test setups with their cell arrangements and trigger methods. The housings are only partially shown for better visibility of the inner parts. Figure 1a depicts the setup for test V1. The cell (1) is placed on a round heater plate (2) , which acts as thermal runaway trigger. A filler block (3), displayed transparently, is placed on top of the cell to decrease the void volume. The sensors are placed on the very top of the stack: S2 (6), S3 (8), S4 (9), S5 (7) and S6 (5) . The cell voltage (S1) is measured externally. On the very back of the housing, there is a round opening, the venting hole (4), visible. It is closed with a burst membrane that opens at a pressure of 30 kPa ≤ p burst ≤ 70 kPa. Figure 1b describes the test setup of test V2. The cells are arranged in a module (11) and are held together by module jigs and frames. The first cell in the front is being penetrated by a nail (2) to initiate the thermal runaway. On the opposite side is a hole in the housing (4), which is visible and acts as a venting opening without a burst disc and is open from the beginning of the test onwards. The sensors for this tests are placed in the void volume (10) between cell module and venting opening. The additional force sensor S7 is placed between the fourth and fifth cell of the cell module. Figure 1c shows the test setup of test V3. In this setup, the cells are ordered in two modules (11) and again each are held together with jigs and frames. The two modules are positioned next to each other and separated by a partition wall that acts as a rack. This wall does not separate the modules in an airtight manner. On the top of the housing in the back, two venting openings (4) are visible, both equipped with a burst disc. Sensors S1-S6 are placed in the left compartment in front of the left module, indicated by the yellow area (10) . The first cell of the right module is being penetrated with a nail (2) to trigger the thermal runaway. The housings are only partially shown for better visibility of the cells (1) and cell modules (11) . Trigger device heat plate/nail (2), filler block (3), venting opening (4), pressure sensor (5), gas sensor (6), temperature sensor (7), smoke detector (8), creep distance sensor (9) and area with sensors (10).
Measurements
The results of tests V1-V3 are shown in Figures 2-4 . The time axis of the three figures are not related to each other, as each test setup contained a different cell type with a different reaction to the thermal runaway trigger. The time axis was instead focused on the thermal runaway reactions. Figure 2 describes the sensor readings of test V1. All sensors show a distinct reaction to the thermal runaway process within a detection window of t detecWin ≈ 20 s. The fastest and clearest signal is given by the gas sensor S2, followed by the smoke detector S3, which reacts shortly after S2. It is similarly distinct but does not give out a stable signal. The strong signal fluctuation of S3 after the initial detection can be explained by the inhomogeneous particle concentration within the gas stream. The more stable signal from t = 85 s onwards could be explained by a polluted IR LED or photo detector. The creep distance (S4) and pressure (S6) sensor react at a similar time as the previous sensors but with a smoother and more gradual change in signal. With the opening of the burst disc, the pressure drops instantly and venting is visible outside of the housing. A second peak in pressure (S6) at time t = 80 s could be explained with a partial blockage of the venting opening by bigger particles in the gas stream. The temperature signal (S5) rises about 5 s after the pressure signal (S6) and also shows a quite distinct reaction with an increase of ∆T = 250 K. The slow and late rise can be ascribed to the inertia of the temperature sensor and the small amount of produced gas and particles due to the small cell. A drop in the cell voltage measurement (S1) is the last reaction to the thermal runaway event, occurring ∆t = 20 s after the first reaction encountered by the gas sensor (S2). With the cell voltage dropping to V cell ≈ 0 V, the runaway reaction of the single cell has ended. Figure 3 displays the measurements during test V2. Again, all sensors show a distinct reaction to the runaway process. The time frame of detection is t detecWin ≈ 44 s wide. The time difference to test V1 comes from a late drop in cell voltage (S1), which could be explained by either the different cell type or (refer to Table 2) different trigger mechanism. While the gas sensor S2 reacts expectedly similar to the one in test V1, and the smoke detector S3 shows a different behavior. After an initial jump in the signal, there is a smooth decrease down to V sens ≈ 0 V. The initial jump can be ascribed to a certain IR reflection on the housing walls that was disturbed with the first gas and smoke particles, which leads to a higher signal value. The related decrease in signal level was caused then with a further increase of gas stream and therefore a reflection on the gas and particles. Signal readings from the creep distance sensor S4 behave similar to the ones from Figure 2 . The late but strong increase in temperature could come from the temperature sensors' position not being initially hit by the gas stream. The increase of ∆T = 150 K is in the same range as the measurements in Figure 2 . The additional force sensor shows a clear spike in compression force, even starting before the gas sensors' (S2) reaction, due to a production of gas inside the cell causing swelling before the opening and venting of the cell. Figure 4 shows the signal sequences during test V3. All sensors showed the expected distinct reaction to the runaway process except for the gas sensor S2. Its signal sequence cannot be explained and has to be ascribed to a sensor error or broken wire due to the thermal runaway impact. Detection takes place in a time frame of t detecWin ≈ 26 s. The cell voltage S1 again shows the reaction latest, but it also shows some signal fragments in the time between t = 90 s and t = 115 s. This behavior in cell voltage has also been observed in other thermal runaways and thermal propagation experiments, and could result from the ongoing thermal runaway process and collapsing of the inner electrode/separator structure of the cell. Signals from the smoke detector S3 are similar to the ones described in Figure 3 . The single spike at approximately t = 90 s could either be a sensor error or a single particle of a relatively large size that was blown on top of the IR LED or sensor and completely blocked the signal for a short time. The creep distance sensor S4 exhibits a comparable signal sequence as in the measurements before. Temperature measured by sensor S5 rises as expected shortly after the other sensors show reactions. The second and third peak at t peak2 = 118 s and t peak3 = 132 s are due to the venting of following cells in the cell module. The temperature rise of ∆T = 300 K is again in the range of previous tests, and slight variations can be explained with the variation of the exact position of the temperature sensor and the different cell types. The pressure sensor S6 shows a short spike in pressure before the burst disc ruptures and opens the venting opening. The faster signal sequence in comparison with the readings from Figure 2 is due to a larger cell type and higher energy. [V] S1 voltage S2 gas S3 smoke S4 creep distance S5 temperature S6 pressure cell fully penetrated Figure 4 . Measurements of test V3. The dashed line again displays when the trigger cell is completely penetrated. The detection window is about t detecWin ≈ 26 s wide and therefore in the same range as in tests V1 and V2.
Discussion
The three conducted tests V1-V3 described in Section 4 have shown that all investigated sensors described in Section 3 are able to detect the thermal runaway of a lithium ion cell as a matter of principle independent of cell capacity, energy density and battery system size. Therefore, the results can be upscaled to even bigger battery systems with more cells and modules as they can be found in BEV and PHEV batteries. Table 3 gives a brief overview over the seven sensors and their evaluation in three categories: detection speed-how fast can a thermal runaway be detected, signal clarity-how close does the signal come to a step function or how easy is it to evaluate the signal and the third, sensor feasibility-how easy can the sensor be deployed in a traction battery. The rating goes from (+) good, to (0) neutral to (-) bad. Table 3 . Evaluation of the different sensors on three categories. Signal clarity describes how close the detection signal comes to a step function and how easy it is to evaluate it, whereas sensor feasibility evaluates how easy the sensor can be deployed. Grading goes from (+) good, to (0) neutral to (-) bad.
Sensor
Detection Speed Signal Clarity Sensor Feasibility S1 voltage -
Detection speed is crucial to thermal runaway, especially if the battery capacity is big enough to cause severe damage and if the battery is used close to humans or animals. This is definitely the case for large BEVs and PHEVs and in respect to the mentioned GTR EVS [8] . The more time a sensor needs to detect a thermal runaway, the greater the chance that the evaluation electronics and communication units are damaged or destroyed and further measures fail. Gas (S2), pressure (S6) and force (S7) have shown to react the fastest. While the force can be measured directly with the swelling of the cell, pressure follows as soon as the cell opens and releases venting gas, which will also be detected by the gas sensor. Temperature (S5) is rated with an (0) as it can take a while to rise, as seen in Figure 2 and also because the sensor position can delay the detection as seen in Figure 3 . Voltage (S1), smoke (S3) and creep distance (S4) sensors needed the longest to show a detection in their output signal. Voltage signal (S1) can be even further delayed by having more cells in parallel.
Signal clarity has a great impact on how easy it is to evaluate the detection signal and therefore how eligible a sensor is. This includes how close an output signal comes to a step function (no detection-low level, detection-high level or vice versa) as well as how complicated the evaluation electronics or algorithm has to be. Voltage (S1) and gas sensor (S2) show a very clear step function. The step of roughly ∆V ≈ 4 V for the voltage sensor, and roughly the same for the gas sensor with a voltage divider, is in a range that is easy to measure. Smoke (S3) and temperature (S5) come second with a rating of (0). While the smoke sensor shows a distinct no-detection-level and detection-level, it has an undefined transition period between these two levels. The temperature sensor (S5) has a constant no-detection-level but no clear detection-level. However, temperature jumps of ∆T ≥ 100 • C allow a clear detection. Signal evaluation, on the other hand, can be quite complex for thermo couples due to their small output signal change. Creep distance (S4), pressure (S6) and force (S7) are rated (-) for signal clarity. Their signals only show short spikes (S6 and S7) or only small changes in signal (S4). To detect the spikes reliably would require higher sampling frequency and complex evaluation algorithms to handle the small and indistinct signal changes.
Sensor feasibility covers factors such as sensor size, power consumption and general ability to be deployed. This is an important factor for traction batteries built in large numbers with high requirements for reliability and low fault detection. Voltage (S1), creep distance (S4) and pressure (S6) are rated the highest (+) in this category. A voltage measurement is usually already deployed in lithium-ion batteries for cell balancing and over-or undercharge protection. Pressure sensors are only approximately a square centimeter in size and available for printed circuit board (PCB) mounts. Pressure measurement does not depend on its position within the battery as long as there are no separate encapsulations within the battery as pressure travels with the speed of sound v sound ≈ 340 m s −1 through the housing. The creep distance sensor (S4) can be produced as a thin foil PCB and therefore is cheap and space efficient. It additionally has the potential to detect electrolyte leakage and moisture intrusion, which could lead to a short circuit. Smoke sensor (S3), temperature (S5) and force sensor (S7) come second with a rating of (0). The smoke sensor can be assembled out of cheap and small parts such as resistors, LEDs and photo diodes on a PCB and can be driven in pulse mode, and therefore are very power efficient. However, reflections of the IR-light from housing and adjacent parts limit possible placements and can lead to faulty detections. If the sensor is not placed within the particle or smoke stream, a reliable thermal runaway detection could be prevented or delayed. The same holds for the temperature sensor. If it is not placed in the gas stream, then detection is greatly delayed. The used force sensors are built as foil PCBs and therefore are very thin. Their ability for thermal runaway detection can be limited or even extinguished if spring devices or soft mats between cells are used as anti cell swelling measures described by Majimaa et al. [26] . The gas sensor (S2) is rated with (-) in this category because of its comparably large size and huge power consumption due to its heating coil. Experience has also shown that these sensors often trigger faulty detections.
Conclusions
This work examines a sensor set, which is chosen based on evaluated thermal runaway impacts, and shows that each sensor was able to detect a thermal runaway independent from battery size or cell energy density. There is no clear single favourite sensor for a thermal runaway detection as each of them have their challenges and disadvantages, described in Section 6. Depending on the battery design, a combination of two or more sensors can help to create a detection system where disadvantages of single sensors are canceled out and reliability of the overall system is improved. Final considerations for the sensor selection should include lifetime stability, diagnosis capabilities, mountability and cost, which are strongly dependent on the battery design and mission profile.
Other battery types, such as stationary battery systems as operating reserves in electricity networks or stand-alone power systems, can have different requirements towards feasibility or detection speed, and, therefore, a different sensor solution has to be evaluated. The power consumption of a gas sensor might be not as important anymore and the disadvantages in detection speed of a smoke detector might be negligible making these sensors more suitable for such battery types.
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